Promoting plasticity, the ability to adapt, in the adult brain is critically important for enabling functional recovery from disease or injury-related neurological damage and for enhancing cognitive abilities such as learning and memory. It is increasingly evident that inhibitory circuits have key roles in neurological deficits as well as experience-dependent plasticity. A variety of genetic disorders that present cognitive deficits, such as autism and Rett's and Down's syndromes, have been associated with excessive inhibition 1-3 . In the case of Down's syndrome, reducing inhibition can improve cognitive function 4 . Reducing intracortical inhibition in the visual system-either pharmacologically, through sensory deprivation or by environmental enrichment-has been shown to restore a juvenile state of plasticity in the adult brain [5] [6] [7] [8] . Thus, modification of inhibitory circuits could provide an important therapeutic approach. Yet the mechanism whereby experience alters inhibitory circuitry is unclear, and the extent to which these circuits can be modified in a stimulus-and lamina-specific manner remains unaddressed.
a r t I C l e S Promoting plasticity, the ability to adapt, in the adult brain is critically important for enabling functional recovery from disease or injury-related neurological damage and for enhancing cognitive abilities such as learning and memory. It is increasingly evident that inhibitory circuits have key roles in neurological deficits as well as experience-dependent plasticity. A variety of genetic disorders that present cognitive deficits, such as autism and Rett's and Down's syndromes, have been associated with excessive inhibition [1] [2] [3] . In the case of Down's syndrome, reducing inhibition can improve cognitive function 4 . Reducing intracortical inhibition in the visual system-either pharmacologically, through sensory deprivation or by environmental enrichment-has been shown to restore a juvenile state of plasticity in the adult brain [5] [6] [7] [8] . Thus, modification of inhibitory circuits could provide an important therapeutic approach. Yet the mechanism whereby experience alters inhibitory circuitry is unclear, and the extent to which these circuits can be modified in a stimulus-and lamina-specific manner remains unaddressed.
Using a multiphoton microscope system for chronic in vivo imaging of neuronal morphology, we previously showed that dendrites of inhibitory interneurons in the adult visual cortex remodel on a day-today basis 9 . These remodeling interneurons represent all known interneuron subtypes and reside within a 'dynamic zone' corresponding to a superficial strip of layer 2/3 (L2/3) 10 . Electrophysiological studies suggest that the extragranular layers of cortex retain a unique capacity for plasticity that persists beyond development into adulthood [11] [12] [13] . We hypothesized that the structural rearrangement of dynamiczone interneurons provides a mechanism for experience-dependent functional plasticity within circuits of the adult cortex. To test this hypothesis, we monitored entire dendritic arbors of superficial L2/3 interneurons in the visual cortex of adult mice that were subjected to monocular or binocular deprivation, classic paradigms for investigating experience-dependent plasticity in the visual system.
RESULTS

Monocular deprivation increases branch tip dynamics
Adult thy1-GFP-S transgenic mice (postnatal day (P) 42-56) expressing green fluorescent protein (GFP) in a random subset of neurons sparsely distributed within the superficial cortical layers were surgically implanted with bilateral cranial windows over the visual cortices. After the mice had recovered for 3 weeks, we identified superficial L2/3 interneurons (65-150 µm below the pial surface) and acquired a two-photon imaging volume encompassing each cell and its entire dendritic arbor. Cells were imaged weekly while the animal experienced an initial 2-week period of normal vision followed by a 14-d monocular deprivation of the contralateral eye or a 14-d binocular deprivation; an intermediate imaging session was performed after 4 d of deprivation (Fig. 1a) . To ascertain the location of each cell soma with respect to binocular (V1B) and monocular (V1M) visual cortices, we carried out optical intrinsic signal imaging after the first two-photon imaging session ( Fig. 1b and Supplementary Fig. 1 ). In addition, at the conclusion of the two-photon imaging time course, we injected a transneuronal tracer, wheat germ agglutinin-Alexa 555, into the ipsilateral eye. We identified the coronal section containing the imaged cell in the fixed brain, and we then confirmed cell depth a r t I C l e S and location using 4′,6-diamidino-2-phenylindole (DAPI) staining to visualize cortical laminae and wheat germ agglutinin-Alexa 555 labeling of thalamacortical projections from the ipsilateral eye to visualize V1B (Fig. 1c) .
Ocular dominance plasticity induced by monocular deprivation in the adult mouse is characterized by a clear potentiation of the nondeprived ipsilateral eye response and by a slight depression of the deprived contralateral eye response [14] [15] [16] [17] [18] specific to V1B. Recent work has shown that L2/3 interneurons in V1B undergo an even stronger ocular dominance shift in response to monocular deprivation than do pyramidal cells and that this is largely due to a more robust depression of the deprived eye response 19 . Two-photon imaging of superficial L2/3 interneurons in V1B revealed that under normal vision, 2.98 ± 0.48% (mean ± s.e.m.) of monitored dendritic branch tips remodeled per week, and 16.7 ± 2.4% of all branch tips remodeled during the entire time course (Figs. 1d-f and 2) . Each branch tip length change was 8.65 ± 1.40 µm per week, or up to 45 µm over the entire time course, and included elongations and retractions of existing branch tips as well as the formation and elimination of entire branch tips.
Monocular deprivation, as compared to normal vision, resulted in a threefold increase in branch tip dynamics, to 9.02 ± 2.01%, in the period from 0 to 4 d after the start of monocular deprivation (the 0-4 d MD period) and 8.52 ± 1.70% during 4-7 d MD (control versus 0-4 d MD, Wilcoxon rank-sum test, P < 0.005; control versus 4-7 d MD, Wilcoxon rank-sum test, P < 0.01). The increased branch tip dynamics in V1B consisted of a total branch tip length change of 32.7 ± 5.7 µm per cell (Supplementary Fig. 2a) . However, monocular deprivation did not affect the average length change per branch tip (Mann-Whitney U-test, P = 0.96). Net arbor size per cell was also unchanged owing to a balance between elongations and retractions ( Supplementary Fig. 2b ). These results suggest that the primary effect of monocular deprivation on branch tip rearrangements is to increase the number of dynamic branch tips such that overall dendritic length is preserved. The 7 d of increased branch tip dynamics after monocular deprivation coincides with the time required for a functional ocular dominance shift to occur in the adult mouse [14] [15] [16] [17] [18] . Monocular deprivation beyond 7 d does not elicit a further shift in ocular dominance 17 . Accordingly, we found that branch tip dynamics Branch tip dynamics in superficial L2/3 interneurons of V1M during normal vision was 3.15 ± 0.61% per week, comparable to that in V1B (Fig. 2b,c) . Monocular deprivation led to an initial decrease in branch tip dynamics from 0-4 d MD (control versus 0-4 d MD, Wilcoxon rank-sum test, P < 0.05). However, branch tip dynamics returned to baseline rates from 4-7 d MD and 7-14 d MD (control versus 4-7 d MD, Wilcoxon rank-sum test, P = 0.39; control versus 7-14 d MD, Wilcoxon rank-sum test, P = 0.07). These findings demonstrate that increased interneuron branch dynamics induced by monocular deprivation are specific to V1B, where monocular deprivation induces an ocular dominance shift, and do not occur in V1M in response to the same stimulus.
To confirm that interneuron dendritic branch tip remodeling reflects changes in synaptic input, we performed electron microscopy on a newly extended branch tip imaged in vivo. Immediately after the final imaging session, brains were fixed, and a dendrite containing a newly elongated branch tip 7 µm long was relocated and stained with an antibody to GFP followed by a biotin-conjugated secondary and detected with nickel-diaminobenzidine (DAB) (Fig. 3a-c) . Serial electron microscopy reconstruction of the very distal tip of the elongated region revealed three (putatively excitatory) synaptic contacts clustered within a 2.3-µm stretch of dendrite (Fig. 3d,e) . In comparison, reconstruction of a 13.7-µm portion of the stable dendrite proximal to the elongated branch tip revealed six (putatively excitatory) synaptic contacts (Fig. 3d,f) . These results indicate that synapses are formed on new branch tips and that the synaptic density of these new regions is comparable to that of stable regions.
Branch tip dynamics are stimulus and lamina specific In the nonhuman primate visual system, superficial L2/3 has been identified as a region where bottom-up feedforward inputs 20 converge with top-down feedback inputs modulating attention, response strength and saliency 21, 22 . The presence of similar anatomical pathways in the mouse visual cortex [23] [24] [25] and the laminar restriction of interneuron dendritic remodeling to superficial L2/3 (ref. 10) led us to propose that inhibitory circuit restructuring specifically in this locale serves to coordinate the relative contribution of these two visual processing pathways. To test this hypothesis, we explored whether monocular deprivation, which directly and selectively alters the feedforward pathway, affects branch tip dynamics in a spatially restricted manner that reflects pathway-specific rewiring. We examined the position of dynamic branch tips before and during the first 7 d of monocular deprivation in V1B with respect to laminar location (Fig. 4a) . Under a r t I C l e S normal vision, branch tip elongations were distributed with 63% in L1 (0-65 µm below the pial surface), an area dominated by feedback input, and 37% in superficial L2/3 (65-150 µm), a location more strongly influenced by feedforward thalamic input (Fig. 4b) . Branch tip retractions were distributed with 54% in L1 and 46% in superficial L2/3. Binocular deprivation as a visual manipulation distinct from monocular deprivation has provided considerable insight in distinguishing between the role of sensory deprivation and sensory experience during experience-dependent plasticity 17, [26] [27] [28] . To determine the experiencedependent features of interneuron dendritic remodeling in V1B, we compared monocular deprivation-induced branch tip dynamics to those in animals subjected to a 14-d binocular deprivation. Overall, binocular deprivation in V1B did not significantly increase the rate of branch tip remodeling in superficial L2/3 interneurons ( Because approximately 80% of synapses on interneuron dendrites are excitatory (Y. Kubota et al., Soc. Neurosci. Abstr. 470. 20, 2007) , it is likely that the primary effect of branch tip retractions elicited by sensory deprivation during both monocular deprivation and binocular deprivation would be loss of excitatory input, resulting in reduced inhibition within the local circuit. To determine whether the loss of excitatory input in response to monocular deprivation is limited to dynamic branch tips or also occurs on stable arbors, we performed immunohistochemistry on GFP-labeled superficial L2/3 interneurons in V1B using vesicular glutamate transporter 1 (VGlut1) to stain for excitatory presynaptic terminals impinging upon dendritic branch segments (Supplementary Fig. 4) . We did not find a significant decrease in excitatory synapse density in animals experi- a r t I C l e S not produce detectable excitatory synapse loss on stable interneuron dendrites, but only loss of input due to eliminated dendrites.
Deprivation-induced inhibitory input loss on L5 dendrites
We next asked whether the loss of excitatory input on retracting branch tips could affect interneuron activity sufficiently to reduce inhibition within the local circuit. To address this question, we examined axonal boutons of the same L2/3 interneurons in V1B where branch tip retractions were observed during the first 4 d of monocular deprivation (Fig. 6a) . During 2 weeks of normal vision, 2.54 ± 0.66% and 2.79 ± 1.75% of boutons on these cells were added or eliminated, respectively (Fig. 6b) . From 0-4 d MD, the fraction of bouton additions decreased to 0.70 ± 0.37% (control versus 0-4 d MD additions, Wilcoxon ranksum test, P < 0.05), while the fraction of eliminations increased to 7.63 ± 2.16% (control versus 0-4 d MD eliminations, Wilcoxon rank-sum test, P < 0.001). These results demonstrate that deprivation-induced retractions of interneuron dendrites are accompanied by bouton loss from axons of the same cells. Axons of L2/3 interneurons synapse locally onto dendrites and soma of L2/3 pyramidal neurons as well as the apical dendrites of L5 pyramidal neurons 29 . To determine whether the bouton retractions of L2/3 interneurons seen in response to monocular deprivation are mirrored by elimination of inhibitory synapses on excitatory cell types in their vicinity, we performed immunohistochemistry for vesicular GABA transporter (VGAT), a marker for inhibitory presynaptic terminals 30 , on GFP-labeled L2/3 and L5 pyramidal neurons. Antibody staining for VGAT in V1B revealed punctate staining of inhibitory synapses on the soma and dendrites of L2/3 pyramidal neurons as well as the apical dendrites of L5 pyramidal neurons extending into L2/3 (Fig. 6c) . Four days of monocular deprivation did not affect the number of perisomatic or dendritic synapses on L2/3 pyramidal neurons (Fig. 6d) . Notably, inhibitory synapse density on L5 apical dendrites decreased significantly, from 4.42 ± 0.48 to 2.70 ± 0.41 synapses per 10 µm of dendrite (control versus 4 d MD, Mann-Whitney U-test, P < 0.05). These findings demonstrate that during monocular deprivation, dendritic branch tip retractions in superficial L2/3 interneurons occur concurrently with the selective elimination of inhibitory input onto the apical dendrites of L5 pyramidal neurons.
Fluoxetine increases interneuron branch tip dynamics
It was previously shown that the widely used antidepressant drug fluoxetine can reduce intracortical inhibition and restore a juvenile level of ocular dominance plasticity in the adult rodent visual cortex 7 . To further examine the role of intracortical inhibition in promoting visual cortical plasticity in the adult, we measured interneuron branch tip dynamics in V1B in animals receiving fluoxetine for 3 weeks at a dosage previously shown to reduce cortical extracellular GABA. We then performed a brief (4-d) monocular deprivation sufficient to induce an ocular dominance shift while the animals continued to receive fluoxetine (Fig. 7a) . Under normal visual experience, fluoxetine treatment led to an increase in overall branch tip dynamics compared to control conditions ( Fig. 7b,c ; control versus fluoxetine, Wilcoxon rank-sum test, P < 0.02). These increased dynamics applied to both elongations and retractions in L1 and L2/3 (Fig. 7c) , suggesting that pharmacological reduction of intracortical inhibition by fluoxetine can promote structural remodeling in the adult brain. Notably, much like visual perturbations such as monocular and binocular deprivation, fluoxetine promotes remodeling of existing branch tips as opposed to the addition or elimination of entire branch tips (Supplementary Fig. 5a,b) , suggesting that visual deprivation and fluoxetine may act through a common mechanism. Fluoxetine treatment in combination with a brief (4-d) monocular deprivation led to an immediate increase in elongations in L2/3 (elongations versus retractions, Wilcoxon rank-sum test, P < 0.05; fluoxetine versus 0-4 d MD with fluoxetine, Wilcoxon rank-sum test, P < 0.05). These increased elongations were similar to those observed during 4- Fig. 5c ). This time course of branch tip dynamics seen with fluoxetine treatment suggests that reduction of intracortical inhibition by fluoxetine can replace the initial period of deprivation-induced disinhibition in enabling L2/3 branch tip elongations to occur.
DISCUSSION
Although inhibition has been implicated in mediating plasticity in the adult brain [6] [7] [8] 31 , the underlying mechanism has been unclear. Our findings suggest that structural remodeling of superficial L2/3 interneurons in an input-specific manner can sculpt mature inhibitory circuits so as to facilitate or attenuate experience-dependent plasticity.
Deprivation-induced branch tip retractions in interneurons
It is becoming increasingly apparent that monocular deprivationinduced ocular dominance plasticity produces different responses in inhibitory as compared to excitatory neurons. During development, L2/3 inhibitory neurons show a delayed ocular dominance plasticity compared to excitatory neurons in the same layer 32 . In the adult, ocular dominance plasticity in excitatory neurons lacks the strong depression of the deprived eye response and is mostly comprised of potentiation of the non-deprived eye response 19 . This is accompanied by an increase rather than a loss of dendritic spines on excitatory cells, representing gain of excitatory synapses 16 . We find that monocular deprivation triggers an initial increase in L2/3 interneuron branch retractions together with elimination of inhibitory boutons targeting the apical dendrites of L5 pyramidal neurons. These structural changes occur concomitant with the strong depression of deprived eye response reported in these interneurons 19 . The increased L2/3 branch tip retractions in interneurons during monocular deprivation are specific to V1B, a region where contralateral and ipsilateral eye inputs converge. Binocular deprivation can also promote retractions, suggesting that this response is primarily deprivation induced. Although V1M during monocular deprivation and V1B during binocular deprivation both experience a complete loss of visual activity, the lack of increased L2/3 retractions in V1M during monocular deprivation suggests that the competitive presence of the ipsilateral eye pathway is required for the retractions seen in V1B between 0 and 4 d of monocular deprivation.
Deprivation-induced retractions of interneuron dendrites were not accompanied by a deprivation-induced decrease in excitatory synapses on stable arbors when assayed immunohistochemically. Although we cannot exclude the possibility of weight changes on non-remodeling synapses, these findings suggests that deprivation-induced changes in excitatory drive to L2/3 interneurons may potentially be restricted to remodeling branches.
Functional consequences of interneuron branch tip changes
Can changes in synaptic numbers associated with interneuron branch tip remodeling in and of itself be sufficient to alter neuron and circuit function? We find that monocular deprivation in V1B produces a total branch tip length change of 32.7 ± 5.7 µm per cell or 1.81 ± 0.31% of the total branch tip length per cell. Measurements by electron microscopy have indicated that the synaptic density of L2/3 interneuron dendrites is approximately 1 synapse per µm (Y. Kubota et al., Soc. Neurosci. Abstr. 470.20, 2007) . We estimate that the synaptic turnover associated with these structural rearrangements during monocular deprivation is on the order of ~30 synapses per cell, with approximately 10% of branch tips remodeling.
About 80% of the synapses on distal interneuron dendrites represent excitatory inputs (Y. Kubota et al., Soc. Neurosci. Abstr. 470.20, 2007) from a large number of local pyramidal neurons that each contributes only 3-7 synapses 33 . It is estimated that as few as 10 presynaptic, temporally correlated excitatory inputs are sufficient to trigger an action potential in inhibitory cells 34 . For bitufted interneurons, a train of action potentials from even a single synaptic contact can produce an action potential 35 . Thus, a total branch tip length change of ~30 µm (or ~30 synapses) per cell could potentially alter the connectivity of 5-10 excitatory presynaptic partners, each with appreciable ability to initiate interneuron firing.
One inhibitory cell makes a large number (15) (16) (17) (18) (19) (20) of synapses onto local excitatory cells despite representing only about 20% of cortical neurons. As a result, the activity of a given postsynaptic cell can be more strongly influenced by the minority of inhibitory neurons that synapse onto it than by its excitatory inputs. We show that dendritic retractions during the first 4 d of monocular deprivation are accompanied by bouton loss from axons of the same imaged interneurons, demonstrating that experience eliciting structural changes that reduce drive to these cells also elicits changes that reduce output.
It has been proposed that structural plasticity in the adult brain serves to increase the number of potential synaptic contacts by increasing spatial access to distinct circuits within an arbor's vicinity 36 . For example, it is estimated that the geometry and space occupied by each dendritic spine in mouse cortex is capable of making approximately four potential synaptic contacts 37 . An entire dendritic branch tip is likely to contain an even higher number of possible synaptic connections considering its shape and observed changes in length. By the same rationale, increasing an interneuron's potential for sampling distinct circuits would be more readily achieved by modest length changes in several branch tips spatially distributed throughout the dendritic field as compared to a substantial length change of a single branch tip. We found that the average length change per branch tip was unaffected by monocular deprivation, whereas the fraction of individual dynamic branch tips per cell increased by approximately twofold. As monocular deprivation primarily acts to increases the number of dynamic branch tips per cell, our data would suggest that interneuron dendritic arbor remodeling may function to access and alter connectivity between different circuits in cortical space. The relative number of synapses lost or gained during a branch tip retraction a r t I C l e S or elongation may not be as important as the change to the circuit diagram resulting from the shuffling of synaptic partners. The celltype and laminar specificity of both pre-and postsynaptic structural dynamics argue that the partner sampling occurring during synaptic remodeling is circuit specific.
Disinhibition as a mechanism of adult plasticity Given the predominance of excitatory synapses on interneuron dendrites, we propose that the initial branch tip retractions induced by 4 d of binocular or monocular deprivation results in a reduction in the contribution of excitatory drive to interneurons, producing a period of disinhibition in the local circuit (Supplementary Fig. 6 ). Loss of visual input in one eye through lid suture, enucleation or tetrodotoxin injection has been shown to reduce expression of GABA, GABA receptor and the GABA-synthesizing enzyme glutamate decarboxylase, specifically in the deprived-eye column in the adult monkey visual cortex [38] [39] [40] [41] . Consistent with these studies, we find that interneuron branch tip retractions are accompanied by the loss of inhibitory axonal boutons during the same period. Moreover, we find that the elimination of these presynaptic terminals occurs concurrently with the loss of inhibitory synapses onto apical dendrites of L5 pyramidal neurons. Although we do not know that inhibitory synapse loss on L5 pyramidal apical dendrites are from L2/3 interneurons, given that these interneuron's projections are local, they most likely are. Notably, monocular deprivation has been shown to specifically increase dendritic spine formation in L5, but not L2/3, pyramidal neurons 16 . Our findings provide additional evidence that L5 pyramidal neurons have a unique propensity for experience-dependent remodeling of both excitatory (as inferred by dendritic spine changes) and inhibitory inputs during ocular dominance plasticity. We propose that the loss of inhibitory input enables the formation of dendritic spines that represent the strengthening of non-deprived eye input to these cells potentially enabled by an increase in spike timing-dependent plasticity wherein the reduced inhibitory tone facilitates the induction of synaptic potentiation 42 . Further, disinhibition within the circuit may also enable the increased L2/3 interneuron branch tip elongations observed from 4-7 d of monocular deprivation, contingent on visual input from the non-deprived eye.
In support of the relationship between branch tip retraction and disinhibition, we demonstrate that global disinhibition induced by fluoxetine treatment 7 can provide a permissive environment similar to that afforded by sensory deprivation. Fluoxetine treatment during normal vision enhanced structural dynamics. When this disinhibition was paired with a brief monocular deprivation, it allowed the immediate strengthening of non-deprived eye connections, including branch tip elongations, resulting in a faster ocular dominance shift. The maturation of inhibitory circuits during development has been demonstrated to regulate the onset and closure of critical period plasticity [43] [44] [45] . One of the fundamental differences between critical period and adult plasticity in the mouse visual cortex is the duration of monocular deprivation required to produce an ocular dominance shift 15, 17, 18 . The time necessary for visual deprivation to produce the initial branch tip retractions and local disinhibition of mature interneurons may be a contributing factor to the prolonged monocular deprivation required for adult ocular dominance plasticity.
The consequence of strengthening non-deprived eye input onto both pyramidal neurons and interneurons would be the reestablishment of excitatory drive onto these interneurons, thus restoring inhibition to the local circuit. Similarly to what has been observed in the auditory cortex 31 , this rebalancing of excitation and inhibition may bring the window of plasticity afforded by disinhibition to a close, contributing to the saturation in both structural and ocular dominance plasticity observed after 7-d monocular deprivation. In this respect, the plasticity of L2/3 interneurons serves as a form of homeostatic regulation, triggering both the beginning and end of functional as well as structural adaptation in this circuit.
Conclusions
Our findings support a role for disinhibition in experience-dependent plasticity and provide a potential structural mechanism that would facilitate circuit-specific modifications. They further suggest that therapeutic approaches that reduce cortical inhibition are effective only in combination with an instructive stimulus. Although fluoxetine treatment does not afford the same circuit-specific disinhibition as deprivation, with appropriately selective input it could nevertheless prove effective in enhancing cognitive abilities and restoring function to fully developed circuits impaired by neurological damage or disease.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
